Metal hydride structures / In-situ neutron powder diffraction / Pressure-composition-isotherms / Structure-property relation Abstract. The LaMgNi 4 -hydrogen system was investigated by in-situ neutron powder diffraction and pressurecomposition isotherm measurements at 100 C and hydrogen (deuterium) pressures of up 50 bar. The system displays three hydride phases that have distinctly different hydrogen plateau pressures and H atom distributions. The cubic a-LaMgNi 4 H 0:75 phase forms below 0.01 bar hydrogen pressure and H atoms fill one type of tetrahedral Ni 4 interstices. The orthorhombic distorted b-LaMgNiH 3:7 phase forms at $3 bar hydrogen pressure and H atoms fill both tetrahedral LaNi 3 and triangular bi-pyramidal La 2 MgNi 2 interstices. Interestingly, tetrahedral Ni 4 interstices are no longer occupied. Finally, the most hydrogen rich gLaMgNi 4 H 4:85 phase forms above 20 bar. It has again cubic symmetry and H atoms continue to occupy triangular bipyramidal La 2 MgNi 2 interstices while filling a new type of tetrahedral Ni 4 interstices that are neither occupied in the a-nor in the b-phase. The tetrahedral LaNi 3 interstices occupied in the b-phase are empty. Hydrogen induced depopulations of interstitial sites in metal hydrides are relatively rare and consistent with, but not entirely due to, the onset of repulsive H--H interactions at increasing hydrogen concentrations.
Introduction
The La--Mg--Ni--H system is subject of numerous studies that are motivated by the discovery of superior electrochemical properties of Mg containing compositions compared to Mg free compositions [1] . These studies have identified the intermetallic compounds (La,Mg) 2 Ni 7 and LaMgNi 4 as active phases in electrodes for use in rechargeable metal hydride batteries (see for example [2] and references therein), and their properties have been examined by many authors (see for example [3] [4] [5] and references therein). Further interest in the La--Mg--Ni--H system was recently raised by our discovery of hydrogen induced metal-insulator (M-I) transitions for compositions such as LaMg 2 Ni--H [6] and La 2 MgNi 2 --H [7] . In view of this work, we decided to investigate a system having the composition LaMgNi 4 --H. The intermetallic compound LaMgNi 4 is known [8, 9] to crystallize with the cubic MgCu 4 Sn type structure, an ordered derivative of the well known cubic Laves phase (C15) type structure. In a previous study [10] we have reported ex-situ structure and pressure-composition isotherm (PCI) data for the analogous neodymium system NdMgNi 4 --H which contains a hydride phase that is stable at room temperature but looses hydrogen rapidly in air. Useful data for the lanthanum analogue LaMgNi 4 --H, however, were not obtained because the system tended to segregate during hydrogenation. Here we report PCI measurements and in-situ neutron powder diffraction data for this system at 100 C and hydrogen (deuterium) pressures of up to 50 bar. It will be shown that under these conditions the LaMgNi 4 --H system displays at least three well defined hydride phases in which hydrogen fills metal interstices in a way that differs significantly from the closely related C15 type metal-hydrogen systems. Furthermore, the system shows a depopulation of hydrogen sites as a function of hydrogen concentration which is an unexpected and relatively rare phenomenon in transition metal hydrides.
Experimental Synthesis
Samples of nominal composition LaMgNi 4 were prepared in several steps. Mixtures of lanthanum ingots and compressed nickel powder were first arc melted several times to increase homogeneity. The resulting "LaNi 4 " pellets were then grinded in a glove box under argon atmosphere and magnesium powder was added. The mixtures were then pressed into new pellets, wrapped into tantalum foils and placed in stainless steel tubes that were sealed by arc melting in the glove box under argon atmosphere. The steel tubes were previously cleaned with nitric and acetic acid. Finally, the tubes were introduced into a tubular furnace and heated under the following conditions: 36 hours at 450 C, 4 hours at 620 C and 36 hours at 720 C. The tubes were then slowly cooled down to room temperature and opened in air. X-ray powder diffraction (XPD) on a laboratory instrument (Bruker D8 Advance) revealed the presence of quasi single-phase samples that consisted mainly of the known cubic LaMgNi 4 phase [9] and small quantities (<1 wt%) of the hexagonal LaNi 5 phase, but no oxide was identified. Rietveld refinements from X-ray powder diffraction yielded structure parameters for the LaMgNi 4 phase similar to those reported previously [9] , except for the cubic cell parameter that was intermediate between those reported (a ¼ 7.17027(1) A, as compared to a ¼ 7.1794(2) A reported in [9] and 7.165(1) A in [11] ) and the positional parameter of Ni that was refined rather than fixed (x ¼ 0.6240(1), as compared to x ¼ 0.625(À) in [9] ). Before performing in-situ neutron powder diffraction (NPD) and pressure-composition isotherm (PCI) measurements, the samples were activated under dynamic vacuum (3 Á 10 À2 mbar) at 120 C overnight and then charged at 100 C with hydrogen (for the PCI measurement) or deuterium (for the NPD measurement) at pressures of up to 50 bar. The hydrides showed no sign of pyrophoricity but tended to decompose in air by catalytic water formation.
Neutron powder diffraction and structure refinement
A LaMgNi 4 sample of $5 g mass was used for data collection on a high-resolution powder diffractometer (HRPT at SINQ, PSI, Villigen) in the high intensity mode by using various wavelengths (g ¼ 1.1545, 1.4940, 1.8857 A) and 2q ranges , step size 0.1 ). The in-situ measurements were carried out at 100 C by placing the sample into a steel container (diameter: 8 mm, length: 50 mm, wall thickness 1 mm) that was filled at about 60% and connected to a pressurized deuterium bottle. Exploratory data sets were collected at 0, 1, 2, 5 (AE1) and 10 (AE1) bar deuterium pressure at 100 C, revealing the presence of at least two deuteride phases (a and b). The sample was then desorbed at 130 C under dynamic vacuum (3 Á 10 À3 mbar) and investigated by XRD. The patterns showed that the sample had totally desorbed but was still well crystallized. In a second step, a series of in-situ NPD data were collected at 100 C on the desorbed sample in order to explore the conditions for obtaining the various deuteride phases in pure form. To do so, the deuterium pressure was increased from vacuum to 2 bar and then in steps of $5 bar up to 52 (AE1) bar, and at each step data were collected for at least 30 minutes while deuteration took place. From these (quasi dynamic) measurements the a-and b-phases were found to start forming at $2 bar and $10 (AE1) bar, respectively, while a third phase (g) was found to start forming at $44 (AE1) bar. On the other hand, whenever the deuterium absorption slowed down significantly, or nearly stopped, the data collection time was increased to up to 7 hours. From these (quasi-static) measurements three diffraction patterns were obtained whose quality was sufficient for structure analyses (pattern 1 recorded at 5 (AE1) bar, pattern 2 at 10 (AE1) bar, pattern 3 at 52 (AE1) bar). The patterns were indexed by the program DICVOL04 [12] when necessary and the D atoms were located by the program FOX [13] . The structure refinements were carried out by using the FULLPROF SUITE program package [14] . Refined diffraction patterns are shown in Fig. 1 , and structure data and refinement indices for the three deuteride phases are summarized in Table 1 . Besides the majority phases a, b, g all patterns showed the presence of secondary phases (pattern 1: 11.5 wt% of b-LaMgNi 4 MgD x ; pattern 2: 12.0 wt% of a-LaMgNi 4 D x , pattern 3: 4.8 wt% of LaNi 5 ) and strong contributions due to the stainless steel container (modeled by a face centered cubic lattice having a ¼ 3.60152 A). However, in view of the low abundances, reliable structure parameters for the secondary phases could not be obtained. On the other hand, the apparent absence of deuterium in the LaNi 5 phase (pattern 3) can be explained by the fact that the sample had been exposed to deuterium for a period of only $16 hours which may be too short for activation.
PCI measurements
In order to determine the hydrogen content and thermal stability of the various hydride phases, PCI data were collected during absorption under up to 50 bar hydrogen pressure at 100 C by using a Sievert's-type apparatus for a total measuring time of 185 hours. The PCI curve obtained exhibits three more-or-less well defined equilibrium plateau pressures (p eq ) at 0.01 bar, 2.5 bar and 23 bar (see Fig. 2 ) consistent with the formation of the a-, b-and gphase, respectively. A subsequent decrease in hydrogen pressure to ambient conditions during $120 hrs at 100 C caused the sample to desorb hydrogen only partially (release of 1.5 H/formula unit (f.u.)).
Results
As can be seen from the PCI curve shown in Fig. 2 the LaMgNi 4 --H system contains at least three hydride phases at 100
C. The a-phase has a relatively low plateau pressure ($10 mbar) and its upper hydrogen content is close to 1 H/f.u. Its structure undergoes a cell expansion of DV=V ¼ 4.6% at $0.75 H/f.u. and keeps cubic symmetry (space group F 4 43m). As shown in Fig. 3 the hydrogen (deuterium) atoms occupy exclusively tetrahedral Ni 4 type interstices. Their average occupancy ($0.75) corresponds to an overall composition of a-LaMgNi 4 H 0:75 . Such a difference is not uncommon in view of the difficulty in reaching equilibrium conditions during in-situ NPD measurements. Likewise, slow kinetics (i.e. a sluggish a À b phase transformation) presumably also explains why the a-phase has been observed at $5 bar in the NPD patterns, in contrast to its much lower equilibrium pressure as obtained from PCT data close to equilibrium. The fact that the Ni 4 type interstices are occupied is intriguing. In view of their relatively small size compared to other interstices in the structure, one would expect them to be occupied only at higher hydrogen contents (pressures), in analogy to the tetrahedral B 4 type interstices in AB 2 compounds having C15 type structure (see below). The more hydrogen rich b-phase forms at $3 bar hydrogen pressure. Its plateau pressure is relatively flat and extends from $1.1 to $4 H/f.u., corresponding to a volume expansion of V=V $ 14:5% (at $3.7 H/f.u. relative to the H-free compound). Similar to the neodymium analogue NdMgNi 4 D 3:8 [10] the structure of this phase is orthorhombic distorted (space group Pmn2 1 ) and displays three new hydrogen (deuterium) sites. One is partially (D1: $84%) and two others are fully occupied (D2, D3), corresponding to the overall composition b-LaMgNi 4 D 3:7 . Interestingly, while one site has the expected tetrahedral coordination (D3: LaNi 3 ), the two other sites have triangular bi-pyramidal (D1, D2: La 2 MgNi 2 ) rather than tetrahedral (LaMgNi 2 ) metal coordinations as in C15 type metal-H systems. As can be seen in Fig. 3 , the triangular bipyramidal sites are located about half way between the centres of LaMgNi 2 tetrahedra sharing faces. Refinements based on a model in which the tetrahedra centres were occupied yielded significantly worse fits to the data. Furthermore, the tetrahedral Ni 4 site originally occupied in the a-phase is no longer occupied in the b-phase. Both features, i.e. the shift from tetrahedral towards trigonal bipyramidal metal coordination of two D sites, and the depletion of another D site are puzzling. They are presumably related to a variety of factors, including atomic size effects and repulsive interactions between D atoms (see below).
The most hydrogen-rich gamma-phase forms at $20 bar hydrogen pressure. Its equilibrium plateau in the PCT curve is less well defined and suggests an upper composition of $6.5 H/f.u. at $50 bar pressure, corresponding to an estimated volume expansion of $28% at 6.5 H/f.u. (relative to the H-free compound), and an observed volume expansion of V=V $ 21:9% at $4.85 H/ f.u. The fact that the composition of the g-phase as measured by NPD at 52 bar pressure ($4.85 H/f.u.) is significantly lower than that estimated from the PCT curve ($6.5 H/f.u.) has presumably the same origin as the observed compositional differences in the a-phase (slow kinetics, lack of equilibrium). Interestingly, while the structural symmetry of this phase returns back to cubic (space group F 4 43m), the tetrahedral LaNi 3 interstices occupied in the b-phase become empty and a new tetrahedral Ni 4 site that is neither occupied in the a-phase nor in the b-phase becomes partially occupied (D2: $54%, see Fig. 3 ). On the other hand, the triangular bi-pyramidal La 2 MgNi 2 sites continue being occupied (D1: 72%). The refined occupancies suggest an overall composition of g-LaMgNi 4 D 4:85 .
The interatomic distances of the various phases are in the expected ranges. The shortest metal-hydrogen distances are 1.63 A (Ni) in the a-phase (there are no La--D and Mg--D contacts), 2.46 (La), 2.14 (Mg) and 1.61 (Ni) A in the b-phase, and 2.71 (La), 2.01 (Mg) and 1.58 (Ni) A in the g-phase. As expected, the average metal-metal distances increase with D content and the distances between occupied D atom sites are all >2.1 A.
Discussion
The LaMgNi 4 --H system shows a variety of interesting features. In contrast to its neodymium and yttrium analogues NdMgNi 4 --H [10] and YMgNi 4 --H [15] it displays at least three hydride phases that have distinctly different hydrogen equilibrium pressures and H atom distributions. While the a-and g-phases (p eq < 0:01 and >20 bar, respectively, at 100 C) have no analogues in the Nd and Y systems, at least not in the pressure-temperature ranges investigated (NdMgNi 4 --H studied up to 4 bar at 50 C [10]; YMgNi 4 --H studied up to 30 bar at 80 C [15] ), b-phases exist in all three systems. That in the La system is thermally more stable than those in the Nd and Y systems (La: p eq $ 3 bar at 100 C; Nd: p eq $ 1 À 2 bar at 50 C; Y: p eq $ 20 bar at 80 C), as expected from plateau pressure-cell volume correlations observed in metal-hydrogen systems such as AB 5 --H (see [16] and references therein).
The structural symmetries and H atom distributions in the LaMgNi 4 --H system show unusual trends. Not only does the symmetry change from cubic (a-phase) to orthorhombic (b-phase) and back to cubic again (g-phase), but the filling sequence of, and the exact hydrogen location within the metal interstices differ from those in the closely related C15 type AB 2 --H systems. In the latter hydrogen occupies exclusively tetrahedral A 2 B 2 , AB 3 and B 4 type interstices made up by relatively large A atoms (e.g. lanthanides) and relatively small B atoms (e.g. transitionor p-elements) [17] . The filling sequence is A 2 B 2 , AB 3 Fig. 3 . Population/depopulation sequence of D atom sites and their metal atom environments in the a-, b-and g-phases of the LaMgNi 4 --D system; for occupancies see Table 1 ; equipoints of D atom sites (24g, 16e, 4b, 4d) refer to cubic space group F 4 43m of a-and g-phase.
Trigonal bi-pyramidal interstices of type La 2 MgNi 2 (site 24g) in band g-phases correspond to pairs of face-sharing tetrahedral interstices of type LaMgNi 2 (site 48h). Interstices of type LaMgNi 2 (48h), LaNi 3 (16e), and Ni 4 (4d, 4b) correspond to interstices of type A 2 B 2 (96g), AB 3 (32e) and B 4 (8b) type interstices, respectively, in C15 type AB 2 -H systems (Fd 3 3m).
and B 4 in accordance with atomic size considerations. In the LaMgNi 4 --H system, however, hydrogen occupies both tetrahedral and trigonal bi-pyramidal interstices, and the filling sequence is Ni 4 (a-phase), La 2 MgNi 2 þ LaNi 3 (b-phase) and La 2 MgNi 2 þ Ni 4 (g-phase), as shown in Fig. 3 . Deviations from tetrahedral metal coordination in C15-type metal-hydrogen systems have so far only been observed in saline metal hydrides such as tetragonal distorted LnMg 2 H 7 (Ln ¼ La, Ce [18] , Sm [19] ) in which hydrogen occupies a site having triangular metal coordination (2Ln, Mg). Furthermore, in contrast to C15 type metal-hydrogen systems there exist various interstices of a given type that are not symmetry equivalent, such as two B 4 type (Ni 4 ), two AB 3 type (LaNi 3 , MgNi 3 ) and two A 2 B 2 type interstices (LaMgNi 2 ) in the a-and g-phases, and fourteen LaMgNi 2 type interstices in the b-phase (see Table 2 ). Only some of these interstices are available for hydrogen occupancy, such as one type of Ni 4 tetrahedra in the a-phase (sites 4d) and another type in the g-phase (sites 4b), and one out of three types of LaNi 3 tetrahedra (but none of the MgNi 3 type) in the b-phase.
As to the LaMgNi 2 type tetrahedra in the b-and gphases, they can be considered to be condensed into La 2 MgNi 2 and LaMg 2 Ni 2 type trigonal bi-pyramids of which only the former are available for hydrogen filling (see D1 situated between sites 4b 6 and 4b 7 , and D2 between two 4b 3 sites as shown in Table 2 and Fig. 3 ).
Finally, in contrast to C15 type metal-hydrogen systems, two H sites become completely void at increasing hydrogen concentrations, i.e. a Ni 4 site at the aÀb and a LaNi 3 site at the bÀg transition. Such hydrogen induced H site depopulations are unexpected and constitute a relatively rare phenomenon in metal-hydrogen systems. Only few other examples have been reported so far, such as the depopulation of Ho 6 interstices in the Ho 6 Fe 23 --H system [20] , of La 4 Pd 2 interstices in the La 3 Pd 5 Si--H system [21] , of ErCo 3 interstices in the ErCo 3 --H system [22] , and of (Ti,Zr) 4 type interstices in the Ti 0:64 Zr 0:36 Ni--H system [23] . Partial H site depopulations are more common, such as those of Ce 2 (Mn,Al) 2 interstices in the CeMn 1:5 Al 0:5 --H [24] and CeMn 1:8 Al 0:2 H 4:4 --H systems [25] , and of ErNi 3 interstices in the ErNi 3 --H system [26] , or the temperature induced depopulation of AB 3 -type interstices at the benefit of A 2 B 2 -type interstices in the C15 type TiZr 2 --H system [27] .
Some of these structural idiosyncrasies can be rationalized by atomic size considerations. Generally, only those metal interstices are considered suitable for hydrogen occupancy whose size exceeds a critical value (e.g. 0.40 A, corresponding to the radius of the largest inscribed sphere [28] ), and the bigger interstices are usually occupied first. On the other hand, the occupancy of such interstices may be prevented by other factors, such as repulsive H--H interactions originating from the proximity of other occupied Table 2 . Table 2 ). As to the 2.1 A limit, its influence on H content and H distribution in the present system can be assessed from the distances between the H sites and the centres of closest interstices as summarized in Table 3 ). This is presumably also true for the relatively large MgNi 3 interstices in the b-phase (site 2a 5 Table 3 ). Taken together, these observations suggest that there are no interstices in the structure large enough for H occupation but that are empty because of repulsive H--H interactions. Finally, except for the Ni 4 interstices, the H atoms are generally not situated at the centres of the metal tetrahedra, in particular those in LaMgNi 2 type interstices that are shifted away by up to 0.23 A in the b-phase (D1, D2) and by 0.40 A in the g-phase (D1) as can be seen in Table 3 .
In conclusion, despite the obvious stereochemical role of minimum interstitial hole size and minimum H--H separation, the exact H atom distribution in the LaMgNi 4 -H system, and most other metal-hydrogen systems, cannot be explained on purely geometrical grounds. There exist clearly other structure determining factors such as metalhydrogen bond strengths as modelled within the co-called "imaginary binary hydride model" [29] , or probability distributions of paired electron density [30] , or directional metal-hydrogen bonding as found in complex transition metal hydrides [31] . Concerning the latter, it is interesting to note that the Ni atoms in the present system tend to have tetrahedral H atom configurations consistent with sp 3 bonding, similar to those in all other known Ni based complex metal hydrides. This aspect will be highlighted in a forthcoming publication. 
